Detecting and monitoring early cognitive impairment in Alzheimer's disease (AD) is a significant need in the field of AD therapeutics. Successful AD clinical trial designs have to overcome challenges related to the subtle nature of early cognitive changes. Continuous unobtrusive assessments using Information and Communication Technology (ICT) devices to capture markers of intra-individual change over time to assess cognitive and functional disability therefore offers significant benefits. We review the literature and provide an overview on randomized clinical trials in AD that use intelligent systems to monitor functional decline, as well as strengths, weaknesses, and future directions for the use of ICTs in a new generation of AD clinical trials.
INTRODUCTION
It is estimated that there are nearly 7.7 million new cases of dementia each year worldwide, implying one new case every 4 seconds [1] . Alzheimer's disease (AD) as a cause accounts for an estimated 60 to 80% of dementia cases. A combination of biomarkers (cerebrospinal fluid, brain imaging) along with clinical and cognitive assessment is used to identify patients with AD. Currently, there are no available treatments that can stop or reverse AD progression to dementia. It is increasingly recognized that changes related to AD predate the stage of dementia by more than a decade among subjects with autosomal dominant mutations [2] , and an extended predementia stage of AD is likely also present among individuals who develop sporadic AD. There is significant interest therefore in identifying factors through the life span that relate to later cognitive decline. Pre-dementia states including Mild Cognitive Impairment (MCI), where early cognitive changes are more subtle, are therefore a focus for renewed clinical trial effort to prevent or delay progression to dementia [3] . Methods to monitor early subtle cognitive changes are therefore of significant interest. Current methods for cognitive assessment among subjects in AD clinical trials are constrained by two major limitations. First, cognitive assessments are administered at discrete intervals, and rely on self-report and recall of events from people who often are memory impaired. Contextual aspects of a subject's daily life that might affect performance are not captured, and as a result, data collected are brief snapshots that do not always reflect real world situations (lacking ecological validity) [4, 5] . Second, there is often only a small difference among cognitive test results between control and patient groups as the degree of cognitive decline is often not dramatic in early stages of AD. Larger numbers of subjects are therefore needed in a pre-dementia clinical trial for noting any change in cognition over reasonable time duration.
A challenge in the AD field has been developing economically efficient ways of detecting changes in cognition and function very early in AD. The aim of this review is to provide a narrative survey of the literature on the use of ICT devices as an alternate data collection strategy for clinical trials in pre-dementia AD in helping overcome challenges in measuring subtle early cognitive and functional decline reliably. We review the literature on current use of ICT devices in AD clinical trials and address future directions on the role that ICT plays in this field.
Measuring Cognitive Change in Pre-Dementia Stages of AD By Traditional Neuropsychology
In traditional neuropsychology evaluations, it is often difficult to establish the patient's premorbid level of functioning (i.e., a baseline) without prior test results. This is a particularly challenging issue as we move towards the ends of the cognitive spectrum. For example, a very highly functioning individual may show relative declines in memory or other cognitive difficulties but continue to perform in the average range relative to same-aged peers. Similarly, it may be difficult to detect a relative decline in individuals with lifelong cognitive weaknesses or lower intellectual capacity, as their long-standing abilities were likely lower than those of their peers. A practical limiting factor in getting quick baseline and follow up evaluations is the discrete time interval between serial tests needed to avoid practice effects of test taking (repeat tests are usually administered at least 9 months apart). Capturing intra-individual change in cognition within a reasonable time frame is therefore a need that has yet to be succinctly addressed in AD clinical trials by traditional cognitive evaluations.
Likewise, subtle cognitive changes may go undetected by traditional neuropsychological assessment techniques. As AD typically presents with insidious onset and a slowly progressive course, mild cognitive declines that occur very early in the disease process may be indistinguishable from normal cognitive variability or statistical "noise". Additionally, neuropsychological measures are often insensitive to behavioral changes that may manifest as part of a neurological syndrome. For example, individuals with suspected frontotemporal lobar degeneration (FTLD) or a frontal variant of AD are often fairly cognitively intact in early stages of the disease, despite the presence of prominent behavior changes that are often highly disruptive and may result in functional impairment. Early behavioral changes associated with onset of Alzheimer's disease (e.g., confusion in novel settings, decreased initiative related to apathy) may be diagnostically informative and may be described during the clinical interview, although they are obviously difficult to capture and monitor over time through typical neuropsychological assessment methods.
Using ICT Devices to Capture Functional Decline in a Pre-Dementia Population
Multiple cross-sectional studies have found correlation between cognitive status and functional disability in older individuals [6] [7] [8] . Some have noted that functional decline over time and functional status predicts cognitive decline over time in older adults over age 75 [9] . Dementia, (the end stage of impairment in many neurodegenerative conditions) is distinguished clinically from an earlier stage of MCI by functional impairment in daily activities which represents a decline from previous level of performance [10] . Use of ICT systems is a potentially tractable way to capture ubiquitous data about subtle functional decline (and thereby serving as a predictor for early cognitive decline or as a marker for the dementia stage) without time sensitive intervals between tests. Portable and wearable sensors are commercially available that are low cost and reliable in monitoring heart rate, walking pace, distance covered, calories burned and other activities. These systems could help collate baseline (or premorbid) data on functional abilities of a person by continuous measurement of everyday activities and thereby overcome the discrete time interval limitations between serial tests for traditional neuropsychology testing. These systems could therefore impact the two major limitations affecting cognitive and functional evaluations among subjects in AD clinical trials:time duration of study and subject number limitations.
Methods to directly assess daily performance of activities that are related to cognitive function ("everyday cognition") are of increasing interest and were the focus of a National Institute on Aging (NIA) and Alzheimer's Association convened workshop "Cognitive Assessment of Early Dementia" [4] and the Monaco Clinical Trials on Alzheimer's Disease (CTAD) expert meeting [5] . Even though there is an extensive literature and pilot data on ICT devices across all age groups, the focus of this review is on their use in a memory impaired population. Error mitigation and assessing the quality of tasks performed within a patient's daily functional routine or inherent to the medical environment have been the focus of efforts in developing home monitoring systems in the dementia population (See Table1), while the use of ICT devices in longitudinal monitoring of cognitive changes in AD clinical trials has a different emphasis with accurate reproducible measures that correlate with neuropsychological function.
For AD clinical trials, the focus is on developing objective correlates of just noticeable differences [18] (the disparity between particular observed responses detected on 50% of occasions over the period of study in this scenario) that are meaningful to an individual's functional skills. These are often at present reported to the physician or neuropsychologist but cannot be adequately captured for use in standardized tests for diagnosis or developing effective interventions. Functional and Cognitive Decline in Alzheimer's Disease Clinical Trials [19] infrared motion of sleep activity sensors
METHODS
We reviewed the literature for AD clinical trials that use ICT devices to monitor functional and cognitive changes, particularly to capture functional markers to complement traditional neuropsychological testing. Studies of pharmacological and non-pharmacological interventions were included covering the entire spectrum of cognitive impairment (both pre-dementia and dementia stages) of AD. The goal of this review is to assess the state and maturity of the AD clinical trials that use ICT devices, beyond those pilot trials using ICT devices (see Table 1 ).
We searched PubMed, PsycINFO and SCOPUS for studies of clinical trials with AD patients using the following search terms: 1. "Alzheimer's disease" or "dementia" or "Mild cognitive impairment" or "predementia"; 2."information and communication technologies" or "actigraphy" or 'assistive technologies' or 'monitoring devices' or 'ICT devices' OR 'infra-red tracking' or 'smart environments'; 3. "Clinical trials". All titles and abstracts that were search hits from January 1995 to September 1, 2014 were reviewed to eliminate studies that did not pertain to our topic of interest. During the course of this review, it was noted that most studies that use ICTs were not captured by our keywords. One possible reason is that over the years the keywords describing ICT devices have varied. In some cases even when an ICT was used as part of a clinical trial (e.g., home monitoring, smart environments, machine learning, etc.), they were not specified in the keywords. Reference lists of relevant articles were therefore also reviewed to identify additional studies. In light of this fact, the current review is not a systematic survey of all articles on this topic.
Articles included for final review met the following criteria: 1) The study primarily evaluated a patient-related outcome in a clinical trial that used measures obtained from an assistive or monitoring technology-related device. 2) The study was a randomized controlled trial (RCT) with a placebo arm; 3) Inclusion and exclusion criteria were specified. 4) Adequate description of the clinical measures being evaluated was reported. 5) Cognitive measures were included as primary or secondary outcomes. 6) The study was reported in English. This review therefore does not cover use of ICT devices in a dementia population not in an RCT.
RESULTS
RCT studies using ICT devices to monitor outcome measures are listed in Table 2 . Fourteen studies from 1995 to September 1, 2014 met our criteria. All studies that targeted AD subjects were focused on the dementia stage of the disease. The numbers of subjects in the trials ranged from very small pilot studies with 16 subjects [20] to larger ones with 157 subjects [22] (median 43.5 subjects/trial). All RCTs we reviewed that used a technology-based measure of functional change were limited to the use of actigraphy. One study successfully used actigraphy to quantify motor agitation in a medication trial [28] as a pilot study while all the other studies used actigraphy measures to quantify rest-activity rhythm and sleep. Additional RCTs were identified that propose to use or are currently using an ICT device to capture longitudinal patient data without final results. A pedometer and an actiwatch were used to monitor activity levels for a week to evaluate the impact of physical exercise on the progression of Functional and Cognitive Decline in Alzheimer's Disease Clinical Trials dementia symptoms in the EXERCISE-ON study [34] . The use of heart rate monitor, activity monitors, and pedometers are gaining more popularity in standardization of compliance in the PROMoTE trial in elderly subjects with cognitive impairment [35] , and in a trial for caregivers of AD [36] . GPS tracking is being explored to understand the relationship between measures of mobility and cognition in AD [37] .
DISCUSSION
Our review shows that all RCTs in AD using ICT to monitor outcome measures have targeted AD subjects in the dementia stages of the disease. Even though there are many proof-of-concept studies that have used infrared motion sensors, tele-surveillance, GPS tracking, electronic pill boxes, and speech recorded in natural settings in a dementia population, these devices have surprisingly not been used in RCT trials in AD. In fact, among RCTs in AD, actigraphy and accelerometer recordings which target rest-activity and motor agitation were the most commonly used ICT devices. Actigraphy was the most commonly used technology targeting rest-activity patterns, although there was one study that noted its usefulness in measuring agitation. Actimetry sensors are unobtrusive and noninvasive devices for monitoring rest/activity cycles and movement worn on the body. Daily actigraphy recording for just 10 days using wrist monitors which recorded movements 24 hours/day, demonstrated an association with the rate of global cognitive decline [38] . Actigraphy is commonly used as an intermittent measure usually during sleep. Its use only during sleep could be a limitation, as the data collected do not necessarily reflect longer term changes. Nevertheless, actigraphy has been employed in some longer clinical trials, e.g., for measuring 4-7 day changes of circadian activity [39] . Even though pilot trials using ICT devices in memory impaired subjects have been extensive and have established a clear proof of principle on their effectiveness in capturing relevant data, they have not made a significant crossover to AD-medicationrelated clinical trials. Compared to ICT (actigraphy) devices reviewed that have already been used in AD trials, the present generation of ICT devices under development do have the advantages of monitoring longitudinal data for long periods of time and combining multiple sensors (heart rate monitor, activity monitors, and pedometers) to corroborate data across multiple physical and functional domains.
Even though our survey of ICT literature took a systematic approach to reviewing the studies and distinguishing the role of ICT devices in RCTs, it faced a significant hurdle in identifying relevant ICTs in the literature, as the vocabulary of what constitutes the use of an ICT device in a clinical trial often is not easily identifiable. For example, the use of a pedometer or heart rate monitor in the study design is often not distinguishable by a keyword or title search. It is, therefore, possible our review has missed some RCTs where similar devices were used.
Challenges in Use of ICT Data in AD Clinical Trials
Pilot studies using ICT devices have been reported in relation to detecting early dementia (see Table 1 ), but they are still underutilized in AD clinical trials. ICT devices could help collect patient-centered data in a less demanding fashion from the point of view of the subject, and therefore could decrease subject noncompliance and drop off. Early focus group evaluations suggest that acceptance of unobtrusive in-home monitoring was closely tied to perceived utility of data generated by such systems [40] .
Ubiquitous use of ICT devices in AD clinical trials have to overcome additional challenges. Verifying that a new methodology meets both internal (the measures really capture what they claim to capture) and external (use of a measure across different populations of interest, e.g., normal aging, Parkinson disease, and AD) validity is nontrivial. Additional confounders, most notably measuring degree of subject engagement in the intervention and the Hawthorne effect [41] , also must be taken into consideration for designating best use of the data being collected.
Some of the common pitfalls in traditional neuropsychology testing, including sampling errors (data collected fails to capture specific cognitive domain of interest) and length of time required for data collection, require future work and analysis in the Despite potential benefits, use of ICT devices in AD clinical trials also faces significant challenges as the outcomes derived from pervasive computing approaches have not been well correlated with traditional neuropsychology measures. This could make the decision makers, including pharmaceutical companies and regulatory agencies, hesitant in interpreting patient outcome data collected by these devices. Related to this issue, the work by Hodges et al. [42] used sensor data gathered during a coffee-making task and correlated them with neuropsychological test scores in traumatic brain injury subjects. They found a positive correlation between sensor features and the first principal component of specific neuropsychological scores of interest. Work in a similar vein is warranted in the AD population to develop objective measures of comparison between longitudinal changes in neuropsychological test scores and activity or other functional markers. This could be a potential area of focus in the coming years as it is a significant unmet need.
Future Directions of ICT Device Employment in AD Clinical Trials
Future focus on monitoring cognitive domains using ICT devices could include the following:
Language
Low linguistic ability in young adulthood [43, 44] and low idea density later in life have been found to be associated with decline in cognitive function [45] [46] [47] . Studies have noted reduction in narrative discourse among patients with AD [48] [49] [50] . Measures of language function mirroring global progression through the successive clinical stages of AD have been reported [51] [52] [53] [54] .
Motor Performance
The 'brain-related common cause' hypothesis suggests that non-cognitive variables are related to cognitive variables because all have central nervous system involvement [55, 56] . In this light, measures of hand grip and walking speed are associated with the rate of cognitive decline [57] [58] [59] . Gait changes, including variability in speed, have been shown to predict MCI [60, 61] . Slowing of walking speed has also been tied to the specific cognitive measure of processing speed [62, 63] .
Driving
Even at the stage of MCI, individuals have less optimal driving performance and their driving abilities decline over time compared to cognitively normal individuals [64, 65] . Testing performance on simulators [4] or data capture during real-time driving using ICT devices in cars could be an option to capture this everyday cognitive skill.
Eye Movements/saccades
The anti-saccade task is a test of inhibitory control [66] [67] . Performance on this task is strongly correlated with neuropsychological tests of executive function in multiple diseases, including AD and Huntington's disease [69] [70] [71] . Eye wear with smart inserts are currently available that could be programmed to detect these changes, some of which are often performed at the bedside as a test of executive dysfunction [67] .
CONCLUSION
Capturing early cognitive changes among populations vulnerable to AD will be of increasing interest in the coming decades. Identifying economically efficient ways of detecting functional and cognitive decline early in AD is a major challenge. Capturing cognitive and functional data in this population using ICT devices could successfully tackle this problem. Although current use of ICT devices in RCT for AD is poor and limited to actigraphy and accelerometer recordings, the next generation of ICT devices could help overcome the limitations of the long time interval between serial tests in traditional neuropsychology evaluation and detect functional decline in a subject's everyday context relative to the individual's baseline performance.
